and can persist for years. 1, 5, 22 Quadriceps femoris strength deficits also continue after ACLR and are associated with gait strate more normal gait patterns than do participants with greater quadriceps deficits. 19, 25 However, gait asymmetries can exist despite the restoration of symmetrical quadriceps strength 6 months following ACLR. 22 Therefore, other factors related to neuromuscular control, such as psychological factors, may be contributing to gait asymmetry after ACLR.
Psychological factors are related to functional and activity-related outcomes following ACLR. 3, 4, 16 Studies have examined multiple psychological factors, such as fear of reinjury, fear of movement, self-efficacy, confidence, and psychological readiness to return to sport. 4, 6, 16, 17, 23, 27 Fear of movement and fear of reinjury decrease during the course of postoperative rehabilitation and are associated with function at the time when athletes return to sport. 6 In addition, changes in fear of movement/reinjury and self-efficacy in rehabilitation tasks predict change in function during the course of postoperative rehabilitation. 7 From an activity-related outcomes perspective, fear of reinjury is one of the most commonly cited reasons for U U BACKGROUND: Gait asymmetry is frequently observed following anterior cruciate ligament reconstruction (ACLR). Psychological readiness to return to sport is associated with functional and activity-related outcomes after ACLR. However, the association between gait asymmetry and psychological readiness to return to sport is unknown. U U OBJECTIVES: To determine the relationship between kinematic and kinetic measures of knee symmetry during gait and psychological readiness to return to sport following ACLR.
U U METHODS:
In this controlled laboratory, crosssectional study, 79 athletes (39 women) underwent gait analysis following impairment resolution after ACLR (ie, full range of motion, minimal or no effusion, quadriceps strength index of 80% or greater). Interlimb differences during gait were calculated for sagittal plane knee angles at initial contact, peak knee flexion, and peak knee extension, as well as for peak knee flexion moment and peak knee adduction moment. Athletes completed the Anterior Cruciate Ligament-Return to Sport after Injury scale (ACL-RSI) to assess psychological readiness to return to sport. Pearson correlations were used to examine the association between ACL-RSI score and each gait symmetry variable. U U RESULTS: Significant negative correlations were observed between the ACL-RSI and 2 kinematic variables: knee flexion angle at initial contact (r = -0.281, P = .012) and peak knee flexion (r = -0.248, P = .027). In general, lower scores on the ACL-RSI were associated with greater interlimb asymmetry. Participants who have undergone ACLR demonstrate a "stiffened knee" gait pattern, characterized by reduced peak knee flexion (PKF) angles and smaller PKF moments during the stance phase of gait.
Psychological Readiness to
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Participants who are more successful at restoring quadriceps strength demonjournal of orthopaedic & sports physical therapy | volume 48 | number 12 | december 2018 | 969 not returning to sport. 3, 7 Psychological readiness to return to sport (a construct that encompasses emotions, confidence, and risk appraisal) prior to surgery and 4 months following ACLR predicts preinjury sport-level status 1 year after surgery. 4 Furthermore, athletes who return to their preinjury level of sports 1 year following ACLR have lower levels of fear of reinjury and movement. 18 Even though kinematic and/or kinetic asymmetries persist following ACLR and psychological factors affect ACLR outcomes, no published studies have examined the association between biomechanical asymmetry and various psychological factors. The Anterior Cruciate Ligament-Return to Sport after Injury scale (ACL-RSI) measures psychological readiness to return to sport with questions regarding emotions, confidence, and risk appraisal. The purpose of this study was to determine whether a relationship exists between the ACL-RSI and kinematic and kinetic measures of knee symmetry during gait in patients who have undergone ACLR. The researchers hypothesized that lower scores on the ACL-RSI would be associated with greater kinematic and kinetic asymmetry at the knee during overground walking.
METHODS
Participants
S
eventy-nine athletes between 13 and 55 years of age, who regularly participated in cutting, pivoting, and jumping sports (greater than 50 hours per year), were included in this secondary analysis of a prospective clinical trial (parent study registered at CinicalTrials.gov as NCT01773317). All athletes underwent primary ACLR, completed postoperative rehabilitation, and met the following criteria prior to enrollment: full knee range of motion, minimal or no effusion, quadriceps strength index of 80% or greater, and initiation of a running progression without increased symptoms. Exclusion criteria included grade 3 concomitant ligament injury, full-thickness articular cartilage lesions greater than 1 cm 2 , prior anterior cruciate ligament injury, or significant previous lower extremity injury. At enrollment, all participants completed gait analysis and the ACL-RSI. This study was approved by the Institutional Review Board at the University of Delaware, and written informed consent was acquired prior to inclusion.
Gait Analysis
Kinematic and kinetic data were collected during overground walking. Eight infrared cameras (Vicon; Oxford Metrics Ltd, Yarnton, UK) were used to detect retroreflective markers attached to the base of the first and fifth metatarsals, the medial and lateral malleoli, superior and inferior heels, medial and lateral epicondyles of the femurs, greater trochanters, and the midline of the iliac crests. Rigid thermoplastic shells with retroreflective markers were attached to the thigh, shank, and pelvis. Excellent intersession reliability has been established using this marker set. 8 Kinetic data were collected using an embedded force plate within the walkway (Bertec Corporation, Columbus, OH). Kinematic and kinetic data were sampled at 120 and 1080 Hz, respectively.
Participants walked at a self-selected speed, maintained to within ±5% of the first usable trial, along a 6-m walkway over the force plate. Five trials for each limb were collected. Stance-phase joint angles and moments were calculated using rigid-body analysis and inverse dynamics equations, respectively (Visual3D; C-Motion, Inc, Germantown, MD). Kinematic and kinetic data were low-pass filtered (6 Hz and 40 Hz, respectively). Initial contact (IC) and toeoff were defined by a 50-N threshold, as determined from the force plate. All trials were normalized to 100% of stance. Moment data were normalized by mass (kilograms) and height (meters).
Kinematic variables of interest included sagittal plane knee joint angles at IC, PKF during weight acceptance, and peak knee extension during stance. Kinetic variables of interest included peak knee adduction moment and PKF moment during stance. Interlimb differences for each kinematic and kinetic variable were calculated for analysis by subtracting the value of the surgical limb from that of the nonsurgical limb, so that a positive difference would be indicative of a lower value for the surgical limb.
Self-reported Psychological Measure
The ACL-RSI includes 12 questions and measures an athlete's psychological readiness to return to sport, which encompasses emotions (including fear of reinjury), confidence, and risk appraisal. 15, 28 The ACL-RSI is scored on a scale from 0 to 100, with a score of 0 indicating an extremely negative psychological response (ie, more fear of reinjury, less confidence). 28 The ACL-RSI has good face validity, good internal consistency, high construct validity, and high testretest reliability.
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Statistical Analysis
Pearson product-moment correlations were used to evaluate the association between ACL-RSI score and each symmetry variable of interest. When significant correlations were found, a secondary analysis was performed to provide greater clinical context. For this secondary analysis, participants were split into 3 groups by their respective ACL-RSI scores. Based on the median ACL-RSI score, the lowest 25% of scores were allocated to the low ACL-RSI score group, the middle 50% to the middle ACL-RSI score group, and the highest 25% to the high ACL-RSI score group. A 2-by-3 (limb by group) mixedmodel analysis of variance was used to compare limb differences among the 3 groups. Raw kinematic and kinetic values were used for this analysis, rather than interlimb differences. When significant interactions were found, post hoc t tests with Bonferroni correction were used to examine limb differences within each group. Statistical significance was set at P≤.05.
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RESULTS
Correlation Analyses
S ignificant associations were found between ACL-RSI score and 2 kinematic symmetry variables: knee flexion angle at IC (r = -0.281, P = .012) (FIGURE part A) and PKF (r = -0.248, P = .027) (FIGURE part B) . There were no associations between ACL-RSI score and peak knee extension (r = -0.096, P = .398), PKF moment (r = 0.114, P = .318), or peak knee adduction moment (r = 0.109, P = .340).
Group Analysis
The median ACL-RSI score was 61. Nineteen participants made up the low ACL-RSI group (ACL-RSI score of 47 or less; mean ± SD, 34 ± 11), 40 the middle ACL-RSI group (ACL-RSI score between 48 and 78; mean ± SD, 62 ± 9.0), and 20 the high ACL-RSI group (ACL-RSI score of 79 or greater; mean ± SD, 90 ± 6.0). There were no group differences in age (P = .745), sex (P = .538), body mass index (P = .844), or weeks from surgery to enrollment (P = .923) (TABLE 1).
Significant limb-by-group interactions were found for knee flexion angle at IC (P = .009) and PKF (P = .002) (TABLE 2). Post hoc analysis revealed that at IC, the low group displayed significantly less knee flexion in the surgical limb compared to the nonsurgical limb (2.4°), while the middle and high groups did not display interlimb differences. At PKF, low, middle, and high groups all displayed significantly less PKF in the surgical limb compared to the nonsurgical limb (7.1°, 2.4°, and 3.3°, respectively).
DISCUSSION
T he purpose of this study was to examine the relationship between psychological readiness to return to sport and kinematic and kinetic measures of knee symmetry during gait in patients who have undergone ACLR. A weak but significant relationship was found between ACL-RSI score and 2 of the 3 knee kinematic variables evaluated. Less than 10% of the variance in both knee flexion angle at IC and PKF was explained by the ACL-RSI scores (knee flexion angle at IC, R 2 = 0.079; PKF, R 2 = 0.062). No relationships were found for the knee kinetic variables of interest. Additionally, patients with the lowest ACL-RSI scores (low group) exhibited the greatest sideto-side sagittal plane kinematic differences when compared to athletes in the middle and high groups.
The athletes in the low ACL-RSI group exhibited greater side-to-side differences in knee kinematics, as characterized by less knee flexion in the surgical limb at both IC and PKF compared to the nonsurgical limb. By contrast, the middle and high groups were relatively symmetrical. While the low group's between-limb differences for knee flexion at IC and PKF were statistically significant, only its interlimb difference at PKF exceeded the minimal clinically important difference (MCID) of 3°. 10 As such, the clinical relevance of these findings could be questioned. However, 2 previous studies found similar results when analyzing group differences in knee angle at IC.
9,24 Di Stasi and colleagues 9 compared knee angles at IC between athletes who passed return-tosport functional testing and athletes who failed return-to-sport testing. The athletes who failed return-to-sport testing at 6 months following ACLR displayed less knee flexion at IC (mean interlimb difference, 2.2°) in the surgical limb compared to the nonsurgical limb. In contrast, the group that passed return-to-sport testing was symmetrical.
Rudolph and colleagues 23 compared knee flexion angles at IC between anterior cruciate ligament-deficient athletes classified as copers and athletes classified as noncopers. The copers from this cohort successfully returned to sport, while the noncopers did not return to sport and reported instability with activities of daily living. Noncopers demonstrated less knee flexion in the surgical limb at IC compared to the nonsurgical limb during walking and jogging. Copers were symmetrical at IC. At PKF, the low group's interlimb difference (7° less in the surgical limb) in knee flexion angle exceeded the MCID. The middle group's interlimb difference at PKF did not exceed the MCID, while the high group's was approximately at the MCID. Reduced PKF also was found in athletes who failed return-to-sport testing 6 months after ACLR, 21 and in noncopers after ACL injury. 24 Therefore, the low group's sagittal plane knee kinematics from the present study are similar to those of athletes who fail return-to-sport testing as well as noncopers.
From an individual perspective, interlimb differences beyond the MCID were present in both directions at IC and PKF, as evident in the FIGURE. At IC, approximately half of the cohort (n = 37) displayed an interlimb difference that exceeded the MCID, while the remainder did not (n = 42). Of the 37 participants who demonstrated interlimb differences at IC, 18 patients had less knee flexion in the surgical (versus nonsurgical) limb, while 19 had more knee flexion in the surgical limb. At PKF, 53 patients demonstrated an interlimb difference that exceeded the MCID, with the majority of these patients (n = 46, 87%) demonstrating less knee flexion in the surgical limb. The low ACL-RSI group had the highest percentage of patients who demonstrated less knee flexion in the surgical limb at both IC (37%) and PKF (89%), compared to the middle group (IC, 18%; PKF, 45%) and high group (IC, 20%; PKF, 55%).
No relationships were found between the kinetic symmetry variables of interest and psychological readiness to return to sport. A recent systematic review and meta-analysis found strong evidence that PKF moments are reduced following ACLR compared to the contralateral limb and healthy controls, and remain lower for up to 6 years. 13 Additionally, athletes with quadriceps strength deficits demonstrate lower external knee flexion moments in the surgical limb during gait and a drop vertical jump. 19, 24 All athletes in the present study had adequate quadriceps strength (ie, quadriceps strength index of 80% or greater). The present cohort's homogeneity in quadriceps strength may have contributed to the lack of group differences in the kinetic symmetry variables.
The prevalence of knee osteoarthritis (OA) after ACLR is high, with a recent systematic review indicating that 44% of patients develop OA following ACLR. 20 Altered biomechanics have been implicated as a factor contributing to the increased risk of OA.
2,12 A recent study found that asymmetrical loading (ie, underloading the surgical limb) during gait early after anterior cruciate ligament injury and 6 months after ACLR was associated with radiographic signs of OA 5 years after surgery.
29 Additionally, altered kinematics with normal loads may contribute to OA risk development by loading structures that are not conditioned to withstand forces.
14 A reduction of knee flexion during weight acceptance shifts loads to the anterior surface of the medial compartment of the knee. 30 The change in contact location may contribute to degenerative changes in cartilage. 14 The group with low ACL-RSI scores from the present study demonstrated less knee 22 found that gait asymmetries were present during weight acceptance, despite restoration of quadriceps strength. As noted above, this cohort had to demonstrate adequate (80% or greater on the quadriceps strength index) quadriceps strength prior to enrollment. These findings, therefore, suggest that gait asymmetries are present in athletes with low ACL-RSI scores, even among athletes with adequate quadriceps strength.
There are limitations to this study. The study design was cross-sectional in nature; thus, the authors are unable to determine cause and effect. Future research should determine whether specific interventions directed at psychological factors lead to improvements in gait asymmetry after ACLR, or vice versa. A second limitation is that the researchers formed groups based on quartiles of the subjects' ACL-RSI scores. Using a different method to divide the cohort into groups could affect the findings. However, the group analysis allowed the researchers to provide greater context to these findings.
CONCLUSION
T he results of this study indicate that there is a weak relationship between psychological readiness to return to sport and sagittal knee kinematics during gait in athletes attempting to return to sport after ACLR. Lower ACL-RSI scores were associated with greater interlimb knee kinematic differences at IC and PKF. However, less than 10% of the variance in interlimb knee kinematic differences could be explained by the ACL-RSI score. Future research should determine whether other psychological factors contribute to asymmetrical gait following ACLR, including kinesiophobia, self-efficacy, and motivation. Future research also should elucidate the relationship between psychological factors and movement to determine whether addressing psychological factors leads to improved symmetry, or whether addressing gait asymmetries leads to changes in psychological factors. U
KEY POINTS
FINDINGS: A weak relationship was found between psychological readiness to return to sport and interlimb knee kinematic differences during gait. Lower scores on the Anterior Cruciate Ligament-Return to Sport after Injury scale (ACL-RSI) were associated with greater knee interlimb differences. IMPLICATIONS: The ACL-RSI, a tool to evaluate psychological readiness to return to sport, may provide insight into asymmetrical movement following anterior cruciate ligament reconstruction. CAUTION: This was a cross-sectional study. The authors, therefore, are unable to determine cause and effect between psychological readiness to return to sport and kinematic gait asymmetry.
